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Abstract 

With the recent overwhelming evidences that solar cycle and activ- 
ity phenomena strongly influence the earth's environment and climate 
(Hiremath 2009a and references there in), it is necessary to under- 
stand physics of the solar cycle and activity phenomena. Genesis of 
the solar cycle and activity phenomena-one of the major unsolved 
problem in solar physics- remains elusive to the solar community. 
Presently there are two schools of thoughts viz., turbulent dynamo 
and MHD oscillation mechanisms that explain the solar cycle and ac- 
tivity phenomena. Both the mechanisms are critically examined and 
fundamental difficulties are presented. By keeping in mind the more 
advantages of having MHD oscillation mechanism, compared to the 
turbulent dynamo mechanism, following new ideas on the genesis of 
the solar cycle and activity phenomena are presented. Inevitability of 
most likely existence of a combined steady poloidal and toroidal mag- 
netic field structure in the solar interior. Owing to suitable steady 
poloidal field structure, Alfven wave perturbations of long periods (~ 
22 yrs) that excite in the solar core travel first to the poles in both 
the hemispheres and later reach the equator. While traveling towards 
the surface, Alfven wave perturbations along the weak poloidal field 
structure in turn perturb the embedded strong toroidal field structure 
producing sunspots, especially in the convective envelope, that travel 
to the surface due to buoyancy along isorotational contours. With 
realistic density structure of the solar interior, computation of Alfven 
wave travel times along different field lines of the poloidal field struc- 
ture (Hiremath and Gokhale 1995) yields almost similar periods (~ 22 
yr) explaining the constancy of 22 yr period of the odd degree modes 
obtained from the Spherical Harmonic Fourier analysis of the surface 
magnetic field. The observed quasi-periodicities of solar activity in- 
dices in the range of 1-5 years are explained due to perturbation of 
the strong toroidal field structure and, variation of very long period 
solar cycle and activity phenomena such as the Maunder and grand 
minima is explained to be due to coupling of long period poloidal and 
toroidal MHD oscillations. 
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1 Introduction 

Since the discovery of sunspots by Galileo, the physics of solar cycle and 
activity phenomena is not understood completely. There are two schools of 
thoughts- turbulent dynamo and MHD oscillatory mechanisms-on the gene- 
sis of the solar cycle and activity phenomena. Although turbulent dynamo 
models explain qualitatively many of the observed solar cycle and activity 
phenomena, there are several difficulties and limitations in their application 
to the solar cycle (Piddington 1971; 1972; 1973; Cowling 1981; Levy 1992; 
Vainstein and Cattaneao 1992; Hiremath and Gokhale 1995 and references 
there in; Hiremath 2001 and references there in). In this talk, I revisit MHD 
oscillatory theory and show with new ideas that many of the observed solar 
cycle and activity phenomena can be explained. 

In section 2, I briefly summarize the important observations related to 
solar cycle and activity phenomena. In section 3, both the turbulent dynamo 
mechanism and MHD oscillatory theory of the solar cycle are critically ex- 
amined. Salient features of Alfven theory on the solar cycle are presented 
in section 4. In section 5, new views on the genesis of the solar cycle and 
activity phenomena are proposed and important observations of solar cycle 
and activity phenomena are explained. The conclusions of this study are 
given in section 6. 

2 Summary of the Observations 

2.1 Solar 11 Year Cycle and Grand Minima 

Variation of occurrence of the sunspots over the surface of the sun with an 
average periodicity of ~ 11 years is termed as " sunspot cycle" . The length 
of sunspot cycle also varies between 9 to 12.5 years (Zwan 1981; Hiremath 
2008a). Although sunspot activity appears to be fairly regular (Dicke 1978; 
Hiremath 2006 and references there in), during the period from 1645 to 1715, 
there was the dearth of sunspots and is called the Maunder minimum type of 
solar activity. Sun might have witnessed such grand minima of solar activity 
during it's previous evolutionary history. 
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2.2 Solar 22 Year Magnetic Cycle 

Soon after the discovery of strong magnetic fields in sunspots, Hale (1908) 
discovered that majority of the leading bipolar spots in the northern hemi- 
sphere have the same polarity, whereas in the southern hemisphere they are 
of the opposite polarity. These opposite polarities in both the hemispheres 
will reverse during the next cycle. Thus the period of the solar magnetic ac- 
tivity cycle is twice as that of a sunspot cycle and this phenomenon is called 
" 22 year solar magnetic cycle" . 

2.3 Sunspot Butterfly Diagram 

The sunspots' occurrence in a particular latitude belt varies between nearly 
40° north-40° south of the equator. During the beginning of a solar cycle, 
sunspots of a new cycle appear at the higher latitudes. As the cycle pro- 
gresses, the occurrence of sunspots drift towards the solar equator from the 
higher latitudes of both the northern and southern hemispheres constituting 
so called the sunspot butterfly diagram. 

2.4 Spherical Harmonic Fourier Analysis of Magnetic 
Activity 

Spherical harmonic Fourier (SHF) analysis (Stenflo and Vogel 1986; Stenflo 
1988; Knack and Stenflo 2005) of magnetograms and inferred magnetic field 
(Gokhale, Javaraiah and Hiremath 1990; Gokhale and Javaraiah 1992) from 
the sunspots data show that the axisymmetric global oscillations with specific 
periods (~ 22 yr and smaller) do contribute predominantly to the evolution 
of the large-scale photospheric magnetic field. The power spectra of these 
data show that the odd and even parity modes behave differently. All the odd 
parity modes have same periodicity of ~ 22 years and the frequency of even 
parity modes increases with degree / that is almost similar to the observed 
helioseismic p mode spectrum. 
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3 Theoretical Models of the Solar Cycle 



In case of the sun, the diffusion time scale of large-scale global magnetic 
field structure is ~ few billion years, i.e., greater than the sun's age itself. 
Hence the sun is expected to retain some of it's primordial magnetic field 
structure (Hiremath and Gokhale 1995 and references there in) and varies 
on time scale much larger than the dynamical time scale. Hence it is easy 
to understand the existence of observed magnetic field structure, if it were 
found to be steady with time. However, the large-scale field observed at 
the surface varies in a cyclic manner with time scales of ~ decades. Thus 
one has to seek the theoretical frame work that not only incorporates the 
maintenance of magnetic field structure but also it's periodic behavior. That 
means one needs some sort of a dynamo mechanism-that maintains electro 
magnetic field against dissipation at the cost of energy provided by some 
source-in the interior of the sun. 

Presently there are two main schools of thoughts on the modeling of solar 
cycle : (i) Turbulent dynamo mechanism and, (ii) MHD oscillatory theories. 



3.1 Theory of Dynamo Mechanism 

These theories are based on the fact that moving conductors generate elec- 
tric currents due to electromagnetic induction. It is therefore expected that 
in the sun the flows like rotation and convection could provide dynamo ac- 
tion through electromagnetic induction. However, all the velocity fields can 
not maintain the dynamo. For example, according to Cowling's (1934) the- 
orem, steady axisymmetric magnetic fields can not be maintained by ax- 
isymmetric flows. Thus the dynamos for sun-like stars ought to be either 
non- axisymmetric or non-stationary (or both). 

In this mechanism, the dynamo effect is statistically averaged over the 
turbulent flows. The velocity u and the magnetic field B of the plasma are 
expressed as sums of mean part (< u > and < B >-large-scale and slowly 
varying terms) and the fluctuating parts (u' and _B'-small scale and rapidly 
varying terms). With certain assumptions and approximations, the final 
equation that governs the spatio-temporal variation of the average magnetic 
field is of the form 

— = curl[a < B > + < u >x< B >] - curl[(?y + /3)curl < B >] (1) 
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where a is helicity and (3 is diffusivity due to turbulence and 77 is electromag- 
netic diffusion. 

Further, the mean field components (< B > and < u >)are written 
in terms of the poloidal (magnetic field B p and velocity, i.e., meridional 
flow) and the toroidal (magnetic field and the angular velocity i.e., Q 
) components leading to two equations containing a, (3 and rj as the free 
parameters. If one knows the internal rotation Q and the meridional velocity, 
with specifying free parameters, in principle, one can evolve two equations 
and one can reproduce the solar butterfly diagrams (Hiremath and Lovely 
2007 and references there in). These dynamo models are called "kinematic 
dynamo models" . 

Initially, a mechanism for the production of sunspots was proposed by 
Cowling (1953), who suggested that sunspots are eruptions of submerged 
toroidal fields produced by the differential rotation acting on a weak poloidal 
field. Subsequently, Parker (1955) proposed that the poloidal field itself is 
regenerated by the interaction between cyclonic convection and buoyantly 
rising toroidal flux elements. Incorporating these ideas, Babcock (1961) phe- 
nomenologically modeled the solar cycle. Leighton (1964, 1969) presented 
a semi-empirical model of the solar cycle and reproduced the well known 
sunspot butterfly diagram. Recently we have excellent reviews (Charbon- 
neau 2005; Dikpati 2005; Brandenburg and Subramaniyam 2005; Solanki, 
Inhester and Schussler 2006; Hiremath and Lovely 2007 and references there 
in; Choudhuri 2008) on the solar dynamo mechanism. 

3.1.1 Difficulties in the Turbulent Dynamo Models of the Solar 
Cycle 

Though the turbulent dynamo models of the solar cycle reproduced ele- 
gantly the properties of the solar cycle and activity phenomena, the models 
plague with many fundamental difficulties (Hiremath 1994 and references 
there in; Hiremath 2001 and references there in; Petrovay 2000; Hasan 2008; 
Venkatakrishnan and Gosain 2008; Choudhuri 2008; Nandy 2009) and few of 
them are presented in the following. 

• The " 'first order smoothening approximation" used for the derivation of 
the induction equation is valid only when the fluctuating field is very 
much smaller than the mean field. This is possible only when (a) the 
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eddy magnetic Reynolds number R m is <<1, and (b) the correlation 
time r, the eddy of length A, and the r.m.s velocity v are related as 
t « X/v. In reality, neither of these conditions is valid on the sun 
where R m >> 1 and r ~ X/v. 

According to Piddington (1971; 1972; 1973) : (a) the concept of tur- 
bulence of the solar magnetic field is unsound; turbulence may mix 
magnetic elements but does not destroy large-scale magnetic fields. In 
fact recent MHD simulations (Brun et. al. 2004; Stein and Nordlund 
2006; Jouve and Brun 2007; Bushby et a.l. 2008; Steiner et. al. 2008; 
Miesch and Toomre 2009 and references there in) of the convective en- 
velope substantiate the Piddington's ideas; (b) the field created by the 
eddy motions would be mainly turbulent field, unlike the field that is 
actually observed; (c) the field created during successive cycles would 
rise successively to higher levels and the whole field would eventually 
leave the sun. 

Except the previous study of Brandenburg (1988) that possibly explains 
the diagnostic power spectrum of the even degree modes of the SHF 
analysis (Stenflo and Vogel 1986) of magnetic field, so far, no dynamo 
mechanism explains the constant power of 22 years in the odd degree 
modes whose superposition represents the large-scale solar cycle and 
activity phenomena (Stenflo 1988; Stenflo and Gudel 1988; Gokhale 
and Javaraiah 1992). 

The values of parameters a, (3 and of the rotational shear are either 
arbitrarily chosen or estimated crudely from the statistical properties 
of the observed motions. In order to reproduce sunspot butterfly dia- 
grams, dynamo models require substantial increase of rotational profile 
from surface to the interior contradicting the rotational profile as in- 
ferred by the helioseismology (Hiremath 1994; Hasan 2008). 

Within the framework of kinematic dynamo models, it is impossible to 
address the question of limiting amplitude of generated magnetic flux 
owing to linearity of the induction equation. 

One of the fundamental problem in keeping the solar dynamo in the 
convection zone is buoyant rise of all the flux on time scales very much 
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smaller than the solar cycle period. This difficulty can be avoided if 
the dynamo process is operating in a stably stratified region beneath 
the solar convection zone. However, as pointed out by the previous 
studies (De Luca and Gilman 1991; Hasan 2008), the process of dynamo 
mechanism operating beneath the solar convection zone could add some 
other serious difficulties. For example, how the magnetic flux injected 
into the convection zone is a question. 

• In order to reproduce proper solar butterfly diagrams (Hathaway et. 
al. 2004) and predict future solar cycles, the flux transport dynamo 
models (Nandy and Choudhuri 2002; Dikpati and Gilman 2006; Choud- 
huri, Chatterjee and Jiang 2007) require the meridional circulation that 
needs to penetrate below base of the convective envelope. However, re- 
cent studies (Gilman and Miesch 2004; Svanda, Kosovichev and Zhao 
2007; Hiremath 2008b) conclude that owing to high density stratifica- 
tion and strong (~ 10 4 G) toroidal magnetic field structure, it is very 
unlikely that the return flow will reach the surface with a period of 
solar cycle. 

3.2 Theory of MHD Oscillations 

In the electrically conducting magnetized plasma, there are three kinds of 
MHD (magnetohydrodynamic) waves, viz., (i) Alfven wave, (ii) slow MHD 
wave and, (iii) fast MHD wave. 

Since the sun is such a dynamic body that always disturbances in the 
medium exist. Such disturbances perturb the magnetic field structure lead- 
ing to generation of Alfven waves. Alfven waves are of two types (Priest 
1981), viz., shear Alfven waves due to incompressibility and compressible 
Alfven waves due to compressibility. The shear Alfven waves are transverse 
waves that travel along the field lines, where as the compressible Alfven waves 
consist of both longitudinal and transverse waves. Since the time scales of 
compressible waves (~ 5 min) due to density perturbations are very much 
smaller than the solar cycle time scales (~ 22 yrs), the condition of incom- 
pressibility applies and shear Alfven waves are best suited for the present 
study. 

Observed periodic behavior of the large-scale magnetic field structure of 
the sun is viewed as a consequence of MHD (magnetohydrodynamic) oscil- 
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lations in the presence of a large-scale steady (diffusion time scale ~ billion 
years) magnetic field structure. These theories recognize the fact that most 
of the observed fields at the surface (including those in the polar regions), 
are in the form of bipolar regions. The MHD oscillations must be azimuthal 
perturbations of ambient steady poloidal magnetic field structure. The am- 
plification of the toroidal field can results from the azimuthal perturbations 
of the ambient steady poloidal magnetic field. Any such perturbations of the 
field lines would eventually lead to MHD waves. The waves travel along the 
field lines of the steady poloidal field structure and are reflected due to den- 
sity gradients near the surface. Superposition of these traveling waves lead 
to stationary or standing oscillations. The strong fields needed for activity 
result from the constructive interference of these waves. 

For an axisymmetric magnetic field structure and in cylindrical geometry, 
the MHD wave equation (Mestel and Weiss 1987) is given by 

dt 2 Att P ds 2 [ ' 

where Q is angular velocity, B p is poloidal component of the steady magnetic 
field structure and p is the density of the ambient plasma. In addition we 
have a similar equation by replacing Q by B^. These two equations imply 
that the changes in either Q or propagate with the local Alfven speed 
Va = B p / y/Airp determined by the steady poloidal field structure. Since 
the perturbations are in the azimuthal direction, such a wave equation is 
called torsional MHD wave equation. In fact, in the following subsection, 
we use this equation for checking the admissibility of global torsional MHD 
oscillations in various models of the steady magnetic field structures in the 
solar interior. 

Alfven (1943) and Walen (1949) were the pioneers to propose this the- 
ory and latter their ideas were revived by many authors (Layzer et. al., 
1955; Plumpton and Ferraro 1955; Piddington 1976; Layzer et. al., 1979, 
Vandakurov 1990; Hiremath 1994; Hiremath and Gokhale 1995). In the fol- 
lowing, first we revisit Alfven's seminal work on the theory of solar cycle and 
also present the fundamental difficulties. 
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4 Alfven's Theory of Solar Cycle 



In his seminal work, Alfven (1943) assumed that : (i) the sun consists of 
large-scale dipole magnetic field structure in the interior whose magnetic 
axis coincides with the rotation axis, (ii) a magnetic disturbance somewhere 
else in the deep interior travels with Alfven speed Va along the field lines and 
reach the surface, (iii) excitation of MHD waves is due to turbulence that is 
created by the differences in the velocity gradients of the isorotational con- 
tours and, (iv) coupling between neighboring field lines expected to transfer 
the oscillations towards all parts of the sun, 

For a polytropic density variation, and for the dipole magnetic field struc- 
ture with a dipole moment ~ 4.2X10 33 G cm 3 , Alfven computed the travel 
times along different field lines and found that ~ 70 years for the field lines 
near the pole, and ~ 80 years for the field lines near the equator. Since these 
periods did not agree with the 22 year period, he concluded that the 22 year 
period must be the resonance period of some lines of force in the interior. In 
addition, Alfven's theory also explained the observed propagation of sunspot 
zones and opposite polarities of the sunspots. 

Alfven computed dependence of the sunspot frequency with respect to 
latitude and found almost similar results as that of observation. By the 
theory of standing oscillations along different field lines, Alfven explained 
the observed fact that during a particular cycle the sunspots in both the 
hemispheres have opposite polarities. Assuming that the perturbations in 
the interior are irregular, he made an attempt to explain the long period 
sunspot activity. 

4.1 Difficulties in the Alfven's theory of Solar cycle 

Though Alfven's theory appears to explain most of the observations of the 
solar cycle and activity phenomena, following are important difficulties : (i) 
assumed polytropic density stratification and magnetic dipole field structure 
that has a singularity near the center are unphysical, (ii) computed period for 
the one hemisphere is ~ 40 years, nearly four times the period of the sunspot 
cycle; independent of Alfven's work recently Davila and Chitre (1996) also 
computed the travel times for the assumed radial field and obtained the 
travel time of ~ 300 years for the fundamental mode, (iii) although origin of 
sunspots is proposed to be due to superposition of long period oscillations, 
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more observational and theoretical inferences are needed, (iv) intensity of 
the sun's apparent dipole field is assumed to be ~ 10 3 G contradicting the 
observations (~ 1 G), (v) it is not clear how the random perturbations lead to 
dearth of sunspot activity, similar to Maunder minimum, (vi) if one accepts 
the Alfven's model of magnetic field structure in the solar interior, it is 
not possible to reproduce important result (odd degree parity modes have 
constant period of 22 years) from the SHF analysis of the observed surface 
magnetic field (Stenflo and Vogel 1986; Knack and Stenflo 2005) and the field 
inferred from the sunspots (Gokhale, Javaraiah and Hiremath 1990; Gokhale 
and Javaraiah 1992). All the afore mentioned difficulties of Alfven's theory 
suggest a suitable geometrical magnetic field structure with proper intensity 
in the solar interior. 

5 New Ideas on physics of the Solar Cycle 

Firstly, we have to admit that MHD oscillatory theories have the following 
three main difficulties : (i) the lack of observational evidence of magnetic 
field structure of primordial origin, (ii) difficulty in believing that such a 
perturbed poloidal field structure of weak general magnetic field (~ 1 G) can 
produce sunspot activity of strong magnetic field (~ 10 3 G), (iii) owing to 
strong dissipation in the convective envelope, long period (~ 22 years) MHD 
oscillations can not be maintained for the next cycle. 

5.1 Existence of a combined Poloidal and Toroidal Mag- 
netic Field Structure in the solar interior 

Likely existence of large-scale poloidal magnetic field structure can be con- 
firmed from the white light pictures (see the Fig 1 of Ambroz et.al. 2009; 
Pasachoff 2009; see the Fig 3 and 8 of Pasachoff et. al. 2009) during total 
solar eclipse around solar minimum. Though direct observational measure- 
ments of such a large-scale weak magnetic field (~ 1 G) are lacking, indirectly, 
from the helioseismic rotational isocontours we (Hiremath 1994; Hiremath 
and Gokhale 1995) proposed a most likely poloidal magnetic field structure 
of primordial origin in the solar interior. 

Observations show that strength of the poloidal field is very weak (~ 1 
G) compared to the strength of rotation, hence the poloidal field must isoro- 
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tates with the internal rotation of the plasma. This implies that geometrical 
poloidal field structure must be similar to the geometrical structure of the 
internal isorotational contours as inferred from the helioseismology. In fact it 
is true for the rotational isocontours (as inferred from the helioseismology) in 
the convective envelope where inferred rotational isocontours are reliable. In 
previous study and by using Chandrasekhar's MHD equations, we (Hiremath 
1994; Hiremath and Gokhale 1995) modeled the steady part of the poloidal 
field structure and found the diffusion time scale to be ~ billion years. Gough 
and Mclntyre (1998) also have proposed the inevitability of such a poloidal 
field structure in the radiative interior. With reasonable assumptions and 
approximations and, by using MHD equations, we (Hiremath 2001) consis- 
tently obtained solution for both internal rotation and toroidal component 
of the magnetic field structure in the convective envelope. The toroidal field 
structure in the convective envelope has a quadrupole filed like geometric 
structure and the field strength varies from ~ 10 4 G near base of the con- 
vection zone to ~ 1 G near the surface. For the sake of stability (Mestel 
and Weiss 1987; Spruit 1990; Braithwaite and Spruit 2004), such a combined 
poloidal and toroidal field structure is necessary in the solar interior. 

Hence, the sun may be pervaded by the combination of large-scale steady 
poloidal and toroidal magnetic field structures (both of which may of pri- 
mordial origin and diffusion time scales are ~ billion years). If one accepts 
the existence of such a combined field structure, the first difficulty in MHD 
oscillatory theory can be removed. 

5.2 Genesis of the Solar Cycle and Activity Phenom- 
ena 

The second difficulty of the oscillatory model can be removed as follows. 
Fallowing Alfven (1943) , any perturbations near the center travel along and 
perpendicular to the poloidal field structure and, coupling between neigh- 
boring field lines transfer the perturbed energy to all parts of the sun. The 
interesting property of the shear Alfven waves is that the magnetic and ve- 
locity perturbations are perpendicular to the magnetic field lines and travel 
along the field lines. That means the Alfven waves while traveling along the 
field lines perturb in turn the neighboring field lines. If one believes that the 
sun has a magnetic field structure similar to one proposed by Hiremath and 
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Gokhale (1995), then the field lines that pass through north and south poles 
(the field line represented by 'A' in Fig 1 of Hiremath and Gokhale (1995)) in 
both the hemispheres experience the Alfven wave perturbations first and the 
field lines that are close to the equator (the field line represented by 'L' in 
Fig 1 of Hiremath and Gokhale (1995)) experience the Alfven wave pertur- 
bations later. Thus there is a phase lag of 7r/2 radians between the polar and 
equatorial solar activities. This reasoning that Alfven wave perturbations 
reach first poles and then equator is consistent with analysis of the sunspot 
butterfly diagrams (Pelt et al 2000), the observations of torsional oscillations 
on the surface (Howard and La Bonte 1980; Komm, Howard and Harvey 
(1993)), theoretical (Hiremath 1994) and helioseismic inferences (Zhao and 
Kosovichev (2004); Antia, Basu and Chitre (2008) and, in the atmosphere 
(Altrock, Howe and Ulrich 2008). 

Perturbations of the poloidal field structure in the convective envelope 
in turn perturbs the embedded toroidal field structure and, superposition 
of many such azimuthal perturbations attains a critical strength leading to 
formation of the sunspots and due to buoyancy raise along the isorotational 
contours and reach the surface. For example, if one accepts the existence of 
such a steady part of toroidal magnetic field structure with a strength B^, 
then perturbations result in creation of MHD waves whose amplitudes are ~ 
5Bj>. Superposition of many such MHD waves in turn leads to constructive 
interference and form the sunspots and, erupt towards the surface along the 
isorotational contours. As for the reversal of polarity, once sunspots are 
formed, they raise towards the surface in a particular latitude belt due to 
buoyancy and meridional flow transports the remnant of the flux on the 
surface towards the poles and change the sign. 

Due to turbulence in the convective envelope, the amplitude of the Alfven 
wave perturbations that travel along the poloidal field (isorotational con- 
tours) will be considerably reduced near the surface. That means there is 
a need of constant forcing for every 22 years near the center. Hence, it is 
not surprising that the resulting 11 year solar cycle and activity phenomena 
on the surface can be considered as a forced and damped harmonic oscillator 
(Hiremath 2006). In this way the third difficulty of theory of MHD oscilla- 
tions can be removed. 
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5.2.1 Implications for the combined poloidal and toroidal field 
structure 

Some other consequences of having such a steady toroidal magnetic field 
structure in the convective envelope are : (a) perturbations to the thermal 
sound speed in the solar interior that contributes to splitting of the even 
degree p modes (Basu 1997; Antia, Chitre and Thompson 2000; Antia 2002); 
(b) explanation for the recent discovery of ubiquitous horizontal magnetic 
field structure in the quiet-sun internetwork regions pervading every where 
in the photosphere as detected by Hinode satellite (Jin, Wang and Zhou 
2009; Wijn et. al. 2009 and references there in; Tsuneta et. al. 2009; Lites 
et. al. 2008; Lites et. al. 2009) and ground based telescope ( Lites et. 
al. 1996; Beck and Rezaei 2009); (c) Alfvenic perturbations of the poloidal 
field structure (Hiremath 1994; Hiremath and Gokhale 1995) should yield 
the periods around 22 years and of the toroidal field structure should yield 
the periods around 1-5 years. 

5.2.2 Physics of the 1-5 year quasi periodicities 

As for the steady toroidal field structure, the periods are computed from 
the relation r ~ where r is the period of oscillations, L is length scale 
of the field lines and Va is the Alfven velocity. In case of the toroidal field 
structure, the length L is considered to be ~ 2nr, where r is the radius of 
the ring along the azimuthal direction. For example, at radius of 0.1_R Q , 
perturbation of the ring of toroidal field structure with a intensity 10 5 G (and 
density of ~ 150 gm/cm 3 ) yields the period of ~ 5 years. If we accept 
the model (Hiremath 2001) of steady part of toroidal field structure (with 
a intensity ~ 10 4 G near base of the convection zone and ~ 1 G near the 
surface) in the convective envelope and by taking the typical density values, 
the period of the oscillations vary from ~ 1.3 years near base of the convective 
envelope to ~ of few months near the surface. These physical inferences imply 
that as the Alfven wave perturbations travel along different field lines ( or 
along different isorotaional contours) of poloidal field structure and reach 
the surface from pole to equator, one would expect periodic phenomena at 
a particular latitude zone on the surface that is connected with periodic 
phenomena at a particular radius in the solar interior. To elaborate further, 
from the above inferences and with the poloidal field structure (between 
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the field lines zone represented by the symbols A-C of Fig 1 of Hiremath 
and Gokhale 1995), one would expect near 5 year periodic phenomena, that 
originate in the beginning of solar cycle and at radius of O.li? , should occur 
at the higher latitude zones. Similarly near 1.3 yr periodic phenomena that 
occur near base of convection zone ( between the field lines zone represented 
by the symbols I-J of Fig 1 of Hiremath and Gokhale 1995) travel along the 
field lines and reach the surface around solar cycle maximum and in the 20- 
25 deg latitude (or 70-75 deg colatitude) zone on the surface. To conclude 
of this subsection, in addition to 11 yr periodicity in both the hemispheres, 
near 5 and 1.3 yr periodicities should occur during certain phase of the solar 
cycle. From the observed periodic analysis of different solar activity indices, 
let us examine in the following whether conclusion of this subsection is right 
or wrong. 

Observations show that near 5 and 1.3 yr periodicities are indeed quasi- 
periodic and occur at different epochs (or at different latitude zones on the 
surface) of the solar cycle. For example near 5 quasi-periodicity is detected in 
the high latitude zones (Vecchio and Carbone 2009 and references there in). 
Although near 11 yr periodicity is dominant in the analysis of high latitude 
filaments (Li et. al. 2006), near 5 yr periodicity has a very low spectral 
power in their analysis. 

As for near 1.3 yr periodicity, it is detected in the sunspot data (Krivova 
and Solanki 2002), in the photospheric mean rotation (Javaraiah and Komm 
1999; Javaraiah 2000), in the magnetic fields inferred from H-alpha filaments 
(Obridko and Shelting 2007), in the large-scale photospheric magnetic fields 
(Knaack, Stenflo and Berdyugina 2005), in the green coronal emission line 
(Vechhio and Carbone 2009) and in the occurrence of coronal mass ejections 
(CME) (Hiremath 2009b). Spherical harmonic Fourier analysis (Stenflo and 
Vogel 1996; Knaack and Stenflo 2005) of magnetograms taken over 22 years 
shows the combined powers for the period of 22 years (due to a weak poloidal 
field ~ 1 G (Stenflo 1994)) and 1-5 years (due to a strong toroidal field of 
strength ~ 10 4 — 10 5 ) respectively. From the helioseismic data, 1.3 yr pe- 
riodicity is detected near base of the convection zone (Howe, et. al., 2000; 
Howe 2009). However, using same helioseismic data, Antia and Basu (2000) 
conclude that there is no 1.3 yr periodicity near base of the convection zone. 
Further analysis of Basu and Antia (2001) shows somewhat similar period as 
reported by Howe et al. (2000) but did not consider it to be significant. Inter- 
estingly, as expected by this study, analysis of post-2001 data (Toomre et al., 
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2003; Howe et al., 2007; , see Figure 32 of Howe 2009) shows the disappear- 
ance of 1.3 yr periodicity. Some more such data analysis are required in order 
to confirm the physical inference of this study that 1.3 yr quasi-periodicity 
(that occurs around solar maximum) is the result of periodic disturbances 
near base of the solar convective envelope. 

5.3 The Nature of Drivers 

In order to maintain the 22 yr oscillations for each solar cycle, either internal 
or external driver that re-excite the oscillations is necessary. When we say 
the driver, we mean the unknown perturber that perturbs the magnetic field 
lines near the center periodically. We don't know the nature and origin of 
the drivers. 

When we say "internal driver" , we mean the driving mechanism near the 
solar center due to local perturbations. Since the sun is such a dynamic body 
that always disturbances in the medium exist. Such disturbances perturb 
the magnetic field structure leading to generation of Alfven waves. One such 
disturbance is the local thermonuclear runways as proposed by Grandpierre 
and G'bor (2005). 

On the other hand, "external driver" means driving due to combined 
gravitational forces of the solar system near the solar center or tidal forces 
due to planets (Javaraiah and Gokhale 1995 and references there in; Wilson, 
Carter and Waite 2008). According to Zaqarashvili (1997), sun's motion 
around the solar system barycenter causes the weak periodic differential ro- 
tation that shears the poloidal field periodically leading to 22 year Alfvenic 
oscillations. However, there are studies (De Jager 2005; De Jager and Ver- 
steegh 2005; Shirley 2006) that rule out the external perturbation of driving 
solar cycle and activity phenomena. Hence, at the present stage, it is very 
difficult to delineate which driver drives the 22 yr oscillations. However, de- 
tection of solar internal gravity ('g') modes (Unno et. al. 1979; Hiremath 
1994; Christensen-Dalsgaard 2002; Christensen-Dalsgaard, J., 2003; Garcia 
et. al. 2008; Jimenez and Garcia 2009 and references there in) will definitely 
delineate these unknown drivers that excite 22 year oscillations. 
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5.4 Alfven wave Travel Times 



From the SHF analysis of the sun's magnetic field, it is found that the ax- 
isymmetric terms of odd parity modes have nearly the same periodicity (~ 
22 years). This indicates that the Alfven wave travel times may be approx- 
imately same along different field lines of a steady magnetic field structure. 
In order to check the admissibility of such global oscillations, we have com- 
puted the Alfven wave travel times r = (<Is/Va) along different field lines 
(that originate at the center and cut across the surface from pole to the 
equator), where ds is the line element of the magnetic field structure and Va 
is the Alfven wave velocity. Alfven wave travel times are computed in the 
following models by taking into account the real density variation in the sun 
: (i) the uniform field, (ii) the dipole field, (iii) the combination of uniform 
and dipole field, (iv) the combination of dipole and hexapole embedded in a 
uniform field (Gokhale and Hiremath 1993) and, (v) solution of a diffusion 
equation in an incompressible medium of constant diffusivity (Hiremath and 
Gokhale 1995). 

For the sake of comparison, all the models are assumed to have the same 
amount of magnetic flux with a nominal value of 1.5A10 22 Mx corresponding 
to a uniform field of ~ 1 G. It is found that, for all the field lines, the 
last two models yield the same period of 22 years. It is concluded that, 
owing to regularity (without singularity) of the magnetic field structure at the 
center, the last model can be most likely the suitable geometrical magnetic 
field structure that sustains near 22 years oscillations for all the field lines 
explaining the constancy of ~ 22 years of the observed SHF analysis of odd 
parity modes. 

5.5 Coupling of Poloidal and Toroidal MHD oscilla- 
tions and the Maunder Minimum type of activity 

As mentioned in section 2.1, sun might have experienced the dearth of 
sunspot activity in the past evolutionary history. Yet there is no com- 
plete consensus among the solar community whether such grand minima 
are chaotic or regular. However, in the previous study (Hiremath 2006, end 
of section 3), it is concluded that Maunder minimum type of activity is not 
chaotic and must be periodic with a period of ~ 100 years. Although most of 
the dynamo mechanisms (Choudhuri 1992; Charbonneau and Dikpati 2000; 
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Usoskin, Solanki and Kovaltsov 2007; Moss et. al. 2008; Brandenburg and 
Spiegel 2008) treat the long term variations of the solar cycle and activity 
phenomena as chaotic, based on the previous studies (Feynman 1983; Price, 
Prichard and Hogenson 1992; Hiremath 2006 and references there in), we 
consider such a long term solar cycle and activity phenomena to be periodic. 
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Figure 1: The sun's long period coupled oscillations of the poloidal and 
toroidal magnetic field structures. The sunspot activity that results from 
the superposition of toroidal field oscillation modes is represented by blue 
continuous line and the poloidal field oscillations is represented by the red 
dotted line. 



In the previous study, the observed solar cycle is modeled as a forced and 
damped harmonic oscillator that consists of sinusoidal and transient parts. It 
is found that the simultaneous change in magnitude of phase difference (~ 2ir 
radians) between the transient and sinusoidal parts and of very low sunspot 
activity may be due to the Maunder minimum type of oscillations. This 
result possibly suggests the following : either a beat phenomenon due to close 
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frequencies or coupling of long period poloidal and toroidal MHD oscillations. 
Although beat phenomenon can yield the Maunder minimum type of lull of 
activity, the constant amplitude of the beat activity can not match varying 
long term period amplitudes as shown by the observations. On the other 
hand, as presented below, profile of coupled poloidal and toroidal oscillations 
is almost similar to the observed long-term variation of the solar activity 
that constitutes Maunder and other grand minima. Following Fletcher and 
Rossing (1998), on the theory of mechanical vibrations, analytical solution 
of the equations governing the coupled oscillations of the poloidal (Bp) and 
toroidal (Bt) magnetic field structures in the dissipative medium is derived 
as follows. 

Bp = a cos{w t) + aiCOs{{ )t)cos{{ )t) (6) 

B T = a cos((w + 7r/2)t) + aisin(( — — -)t)sin(( — Wl )t) (4) 

where t is time variable, ao and a\ are the amplitudes of the oscillation 
due to poloidal field and coupled oscillations, w = 2n/T, T is period due 
to poloidal field, wi = w ^Jl - (j/wo) 2 , w 2 = Wq^I + 2(w c /w ) 2 - (7/wo) 2 , 

w c = 2-k(\JVap 2 ± Vat 2 )/5R is coupling frequency due to poloidal and toroidal 
oscillations, V\p and Vat are Alfven wave velocities due to poloidal and 
toroidal magnetic field structures and 5R is distance between the neighbor- 
ing field lines. The first term in the RHS of equations (3) and (4) is oscillation 
due to poloidal magnetic field structure and second terms in the RHS of both 
the equations are coupling of oscillations due to both poloidal and toroidal 
field structures with a coupling frequency w c . 

In order to closely match with the 11 year cycle and the long term varia- 
tion of the sunspot activity, the fundamental period due to poloidal oscilla- 
tions must be 22 years (or frequency u is ~ 0.286 rad/yr), the dissipation 
factor 7 must be 0.185 and the coupling frequency ui c should be 0.11 rad/yr. 
It is interesting to be noted that theoretical dissipation factor 7 of 0.185 is 
almost same as the dissipation factor of 0.186 obtained from the observed 
solar cycles (Hiremath 2006). The simulation of magnetic energy (square of 
amplitude of either poloidal or toroidal oscillations with arbitrary and equal 
amplitudes of a and ai) of such coupled oscillations with respect to time 
span of 500 years (Fig 1) shows that oscillations of the poloidal field with a 
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fundamental period of 22 yrs excite the toroidal field oscillations such that 
the toroidal field structure oscillates in consonance with the poloidal field 
oscillations resulting in coupling of poloidal and toroidal oscillations that re- 
produce the observed cyclic periodicities of 11 and 100 yrs with a very deep 
minimum around 350 years when both the strengths of poloidal and toroidal 
oscillations have very low amplitudes. The paleoclimatic records show that 
during Maunder minimum although the sunspot activity was practically ab- 
sent, the 11 year activity due to geomagnetic indices (Oliver, Boriakoff and 
Bounar 1998) and solar proxy records (Beer, Tobias and Weiss 1998; De 
Jager 2005; Muscheler et al 2007) was present. As the activity of geomag- 
netic indices (Feyman 1982; Legrand and Simon 1991; Georgieva and Kirov 
2006) and the solar proxy records are considered to be due to solar polar 
magnetic activity, the simulation of long term solar activity due to poloidal 
oscillations in Fig 1 shows also normal activity during deep minimum period 
activity confirming the observations. 

6 Conclusions 

In this talk, after summarizing the solar observations, two theoretical models, 
viz., turbulent dynamo and MHD oscillations mechanisms on the genesis of 
solar cycle and activity phenomena are critically examined. The seminal 
work of Alfven on the solar cycle is revisited. The new ideas on the genesis 
of the solar cycle and activity phenomena and it's long-term variations are 
presented. 
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